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Abstract: We used quantified electroencephalography (QEEG) to define the features of encephalopathy
in patients released from the intensive care unit after severe illness from COVID-19. Artifact-free
120-300 s epoch lengths were visually identified and divided into 1 s windows with 10% overlap.
Differential channels were grouped by frontal, parieto-occipital, and temporal lobes. For every channel
and window, the power spectrum was calculated and used to compute the area for delta (0—4 Hz),
theta (4-8 Hz), alpha (8-13 Hz), and beta (13-30 Hz) bands. Furthermore, Shannon’s spectral entropy
(SSE) and synchronization by Pearson’s correlation coefficient (p) were computed; cases of patients
diagnosed with either infectious toxic encephalopathy (ENC) or post-cardiorespiratory arrest (CRA)
encephalopathy were used for comparison. Visual inspection of EEGs of COVID patients showed a
near-physiological pattern with scarce anomalies. The distribution of EEG bands was different for the
three groups, with COVID midway between distributions of ENC and CRA; specifically, temporal
lobes showed different distribution for EEG bands in COVID patients. Besides, SSE was higher and
hemispheric connectivity lower for COVID. We objectively identified some numerical EEG features
in severely ill COVID patients that can allow positive diagnosis of this encephalopathy.

Keywords: cardiorespiratory arrest; correlation coefficient; fast fourier transform; quantified EEG;
spectral entropy

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) causes an acute, highly lethal
disease, COVID-19. This disease was first detected in December 2019 in China and rapidly spread
around the world. Neurological complications in COVID-19-infected patients have been reported.
Reported central nervous system (CNS) effects include encephalitis [1,2], toxic encephalopathy
(ENC) [3-5], dysgeusia and anosmia [6], and acute cerebrovascular disease [7,8]. The mechanisms
of CNS infection and its pathophysiology by CoV2 are still debated, and direct invasion through the
blood-brain barrier (BBB), a neuronal pathway, hypoxic damage, immune-response mediated injury,
and angiotensin-converter enzyme 2, among others, have been proposed [3,9].

Encephalopathy, also called altered mental status or confusional state, refers clinically, descriptively,
or pathologically to a state of impaired cognition, generally acute or subacute [10]. Acute or infectious
toxic encephalopathy refers to a type of reversible brain syndrome caused by several factors, such as a
metabolic disorder, systemic toxemia, or hypoxia during an acute infection [11-14]. The pathological
changes include cerebral edema, with no evidence of inflammation in cerebrospinal fluid. Symptoms
are complex and diverse. The electroencephalogram (EEG) defined in [15] is similar to that described
in one case of COVID-19, showing bilateral and focal slowing in the left temporal region with sharp
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waves (see [4]). Descriptions of EEG are based on classical analysis by visual inspection. In recent
years, however, the development of mathematical analysis tools for bioelectric signals, commonly
known as quantified EEG (qEEG), has introduced elements of objectivity into the analysis of EEG
records [16,17]. With this goal in mind, we developed a qEEG using classical mathematical methods,
but in a neurophysiologically and clinically oriented fashion. We started from the assumption that
EEG is based in a homeostatic system [18,19], in order to establish an approximate direct relationship
between variations in numerical magnitude and the underlying anatomo-functional system.

We applied this method of qEEG to patients discharged from the intensive care unit (ICU) after
COVID-19. We used two control groups from patients previously studied in our hospital: (i) patients
with infectious toxic encephalopathy, taken as a kind of gold-standard encephalopathic pattern, and (ii)
patients after cardiorespiratory arrest, as an example of severe hypoxic insult to the CNS. The main aim
of our work is to describe the structure of EEG for the three groups of patients, especially the COVID
group. This structure is defined by the relative distribution of different bands (5, 0, o, ) across the
brain lobes and by global synchronization, defined at the lobe and hemisphere level. We hypothesize
that these structures can be specific, to some degree, for every pathological state.

2. Materials and Methods

2.1. Patients and Definitions

We analyzed scalp EEGs performed in 20 patients (17 men, 3 women) diagnosed with COVID-19
after a stay of several days and following release from the ICU. Recordings were performed while
patients were hospitalized but in the non-critical care unit and were required because patients had
shown clinical alterations of awareness or cognitive state. Patients were over 18 years old and their
medical history was collected (see Appendix A, Tables A1-A3). The experimental procedure was
approved by the medical ethical review board of the Hospital Universitario de La Princesa and deemed
“care as usual.” Under these circumstances, written informed consent was not required.

We used two control groups to try to identify possible pathophysiological mechanisms. Both
groups were obtained from previously studied hospitalized patients and were defined as follows:
(i) to evaluate the effect of severe hypoxemia, we assessed patients who underwent resuscitation after
cardiorespiratory arrest (CRA; 20 men and 1 woman), and (ii) we assessed inpatients evaluated with
mild/moderate cognitive impairment showing encephalopathy (ENC) on EEG (16 men and 15 women).
In both cases, recordings showing intense irritative activity or patients with focal/localized pathology
(e.g., craniectomy, previous surgery, cerebrovascular disease) were excluded.

Patients were clinically classified as fully alert, confused, stuporous, or comatose. To obtain a
global clinical state for the group, we computed the weighted mean, assigning a range from 1 (fully
alert) to 4 (coma). A value near 1 indicates a less clinically affected group, and a value near 4 indicates
a majority of patients in coma, thus severely affected.

We visually analyzed the EEGs according to the definitions of the American Clinical Neurophysiology
Society’s Standardized EEG Terminology [20,21]. Visually analyzed encephalopathy patterns have been
categorized in 4 grades: (i) grade I, excess of slow posterior activity; (ii) grade II, predominant theta
activity in more than 50% of recording; (iii) grade III, predominant delta activity in more than 50% of
recording; and (iv) grade IV, burst-suppression pattern [10,22].

2.2. Electroencephalogram (EEG) Recording

EEG recordings were performed always in the basal state of patients using a 32-channel digital
system (EEG32U, NeuroWorks, XLTEK®, Oakville, ON, Canada) with 19 electrodes placed according
to a 1020 international system. In addition, Einthoven’s differential derivation I for ECG was placed.
Recordings were performed at a 512 Hz sampling rate, with a filter bandwidth of 0.5 to 70 Hz and
notch filter of 50 Hz. Electrode impedance was usually below 15 k().
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Clinical reports were prepared by a clinical neurophysiologist with several years of experience in
electroencephalography. qEEG was performed online to facilitate better information of EEG status.

Voltage amplitude (in uV) was obtained as the root mean square of occipitoparietal differential
channels. The same channels were used to identify the dominant frequency of posterior rhythm, defined
as the highest value of the power spectrum above 4 Hz. In some patients, just the delta component was
observed, and its maximum value was chosen as the dominant posterior rhythm.

Artifact-free periods (excluding electro-oculogram or muscular movement in awake patients)
were selected and exported in ASCII files to be quantified.

2.3. Quantification of EEG

The algorithm used was previously published [17]. Classical EEG bands used in the analysis were
defined as delta (5) = 0.5-4.0, theta (6) = 4.0-8.0, alpha (o) = 8.0-13.0, and beta (f3) = 13.0-30.0 Hz (see
Appendix B for more details). The process is indicated in Figure 1. All records were between 120 and
300 s, which allowed a minimum of 130 and a maximum of 330 windows to be computed.

Numerical analysis of EEG recordings was performed with custom-made MATLAB® R2019

software (MathWorks, Natick, MA, USA).
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Figure 1. Method of electroencephalogram (EEG) quantification in two branches: power spectra (b—d)
and synchronization (e,f). (a) Raw EEG tracing. Discontinuous rectangle shows moving window used

for analysis; (b) power spectra for every channel; (c) areas for delta, theta, alpha, and beta bands under
spectrum highlighted in different colors; (d) dynamics of four bands (and entropy in lower row) for
every lobe. Mean and standard error of the mean (SEM) values for every tracing are displayed inside
every graph. Red and blue lines indicate right and left hemispheres, respectively; (e) correlation matrix
for window; (f) mean correlation computed for all recordings.

2.4. Statistics

EEG bands were normalized to the whole spectrum, therefore values are given in percentages.

Statistical comparisons between groups were performed using Student’s {-test or analysis of
variance (ANOVA) for data with normal distribution. Normality was evaluated using the Kolmogorov—
Smirnov test. Mann-Whitney rank sum test or ANOVA on ranks was used when normality failed.
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In the last case, either the Tukey or Holms-Sidak test was used for all pairwise post hoc comparisons
of mean ranks of groups. Chi-square test (x?) was used to assess the differences in EEG bands between
groups of patients. This test cannot be used when numerical values are lower to unity, therefore
comparison for Shannon'’s spectral entropy (SSE) and correlation was done with values normalized to
ENC patients. SigmaStat® 3.5 software (SigmaStat, Point Richmond, CA, USA) and MATLAB® were
employed for statistical analysis.

The significance level was set at p = 0.05. Results are shown as mean + standard error of the mean
(SEM), except where otherwise indicated.

3. Results

3.1. Patients

The main clinical features of the three groups can be seen in Tables A1-A3 in Appendix A. All
COVID patients showed severe illness (including pneumonia, desaturation, and inflammatory systemic
response), indicating a need for intubation and sedo-analgesia in the ICU for several days [23]. Two
patients were fully alert, 10 were mildly to moderately confused, and eight stuporous. Bearing in
mind the small number of patients, we did not separately analyze recordings from stuporous and
confused patients, considering them all as different degrees of the same continuum. Irritative activity
was observed in four patients.

Overall, CRA patients were the most severely affected, with 3.7 + 0.2 (p < 0.001, ANOVA on ranks)
on the global clinical scale, and severity was similar for COVID and ENC groups (2.3 + 0.1 and 2.3 + 0.2
respectively). In spite of the severity, the mean period of hospital admission was similar for all three
groups (11.6 £ 3.6, 13.4 +£ 2.1, and 8.6 + 3.6 days for ENC, COVID, and CRA, respectively, ANOVA on
ranks). However, the ENC group was older (74.2 + 3.0 years, p = 0.002, ANOVA on ranks) than the
COVID and CRA groups (63.9 + 2.7 and 62.8 + 2.5, respectively).

Although the minimum values of capillary oxygen saturation (5aO,) in COVID patients reached
78%, mean saturation was above 89% (overall group 94.8 = 0.6%).

3.2. Visual Properties of EEG

EEG records of COVID patients showed mean voltage and posterior dominant rhythm in the
theta band (17.5 +£ 1.4 pV and 6.5 + 0.8 Hz), with ENC showing a tendency toward higher amplitude
(not significant) and slower posterior component (24.3 + 1.4 uV and 3.8 + 0.6 Hz). Patients who had
experienced CRA showed amplitude similar to COVID patients and frequency similar to ENC patients
(17.1 £ 2.4 uV and 4.0 + 0.4 Hz). Only mean frequency for COVID patients was different (p < 0.05,
ANOVA on ranks); amplitude was similar for all three groups. Visually, COVID EEG records had less
delta activity than infectious toxic encephalopathy, although this turned out to be a false impression
when qEEG was performed (see below). Overall, the apparent absence of delta/theta activity conferred
a near-physiological aspect to the recordings. Despite the different visual aspects appearing between
ENC and COVID, mean spectra by channels were quite similar. Although not analyzed in detail
because a comparison with physiological states was out of the scope of this paper, the power spectrum
of COVID patients was completely non-physiological (Appendix A, Figure Al). Examples of typical
recordings are shown in Figure 2. Another interesting property was the scarce presence of sharp
elements (sharp waves or spikes). In fact, we observed sharp waves in EEGs of only 4/20 patients.
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Figure 2. Examples of raw recordings: (a) encephalopathy (ENC), (b) COVID, and (c) cardiorespiratory
arrest (CRA). Right column shows mean spectra for channels. Red and blue lines indicate right and left
hemispheres, respectively. Y-axis units in ©V2/Hz.

3.3. Topographic Distribution of EEG Bands

Firstly, we assessed the similarities in the EEG structure, defined by the relative distribution of
bands across the scalp. Results are shown in Table 1.

Table 1. Comparison by paired groups of patients of EEG bands using x?. Statistical significance for 5
degrees of freedom is indicated by p in the column to the right of every band.

Paired Groups 0 p 0 P o p B p
ENC/COVID 10.0 n.s 6.0 n.s 11.5 0.05 11.6 0.05
ENC/CRA 167.8 0.001 80.2 0.001 49.6 0.001 724 0.001
COVID/CRA 68.5 0.001 54.6 0.001 221 0.001 47.2 0.001

n.s., not significant.

From this table we can observe that EEG structure is truly different for the three groups and
for all bands (except for ENC/COVID delta and theta bands, which are similar). Another interesting
observation is that the value of x? is always greater for ENC/CRA, with the COVID value in the
middle of the two groups. Therefore, the structure of the EEG for COVID patients is between the two
extreme conditions.
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However, although overall the three groups were dissimilar, we assessed exactly what the
differences were for every band. Then, we computed one-way ANOVA (ANOVA on ranks when
normality failed) for every lobe and band. These results are shown in Figure 3.
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Figure 3. Box plots showing comparison of EEG structure for different bands: (a) delta, (b) theta,
(c) alpha, and (d) beta. Striped black box: ECN; striped red box: COVID; striped blue box: CRA; black
asterisk: difference between ENC and COVID; red asterisk: difference between ENC and CRA; blue
asterisk: difference between COVID and CRA.

Significant difference above p < 0.05 by ANOVA is indicated by asterisks. The post hoc results
indicating pairs of groups are presented in a color code. The pattern of ENC and CRA is clearly
different for all bands, except for the parieto-occipital theta band. However, the COVID group is
not completely different from ENC and CRA, although it is clearly observed that the distribution is
between the two extreme groups. Nonetheless, the behavior of temporal lobes clearly differs for ENC
and COVID groups for 8, «, and 3 bands.

3.4. Synchronization and Spectral Entropy of EEG

We computed mean synchronization, measured as Pearson’s correlation coefficient (p), at hemispheric
and lobar levels. We also used a measure of the complexity of spectra, SSE. As stated above, global
comparison using x> was done on values for pand SSE normalized to ENC. The results are shown in
Table 2.

From this table we can observe that the structure of SSE is quite different for the COVID group.
However, contrary to what was previously observed, the value of x> was greater for ENC/COVID,
with the CRA value in the middle of the two groups. However, no differences have been observed for
the overall synchronization.
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Table 2. Comparison by paired groups of patients for Shannon’s spectral entropy (SSE) and p using x.
Statistical significance for either 5 (SSE) or 7 (p) degrees of freedom (v) is indicated by p in column to
the right of every variable.

Paired Groups SSE (x?) p(v=5) p (x?) ptv=7)

ENC/COVID 354 0.001 10.7 n.s
ENC/CRA 3.3 n.s 1.8 n.s
COVID/CRA 15.6 0.01 5.5 n.s

n.s., not significant.

As we did with the bands, we plotted these properties, comparing the three groups for every lobe
(and hemisphere, in the case of p), using ANOVA/ANOVA on ranks (Figure 4).
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Figure 4. Box plots showing comparison of the structure of entropy and synchronization for different
groups: (a) Se; (b) p. Striped black box: ECN; striped red box, COVID; striped blue box, CRA; black
asterisk: difference between ENC and COVID; red asterisk: difference between ENC and CRA; blue
asterisk: difference between COVID and CRA.

Contrary to EEG bands, SSE was higher for the COVID group and lower for the ENC group.
From Figure 4a we can observe that SSE was always different for COVID from both other groups at all
lobes. This result may be surprising considering the kind of spectra shown in Figure 2¢c, where the
distribution is apparently more complex. However, the presence of « and (3 bands (scarcely present in
the CRA group) increased the SSE for COVID patients.

Finally, although p was not as different between groups as SSE, a clear difference was seen in
hemispheric synchronization and temporal lobes for CRA and COVID patients, with lower synchronization
for the first group.

4. Discussion

We show in this paper that qEEG can differentiate between types of encephalopathies. In this
sense, we show that COVID patients display structures of EEG truly distinguishable from infectious
toxic encephalopathy on the one hand, and from encephalopathies of patients who experienced a
severe hypoxic condition (CRA) on the other. This is the first report of a specific EEG pattern in COVID
patients exhibiting encephalopathy and is different from the case report previously published, which
shared the same features as infectious and toxic encephalopathy [4]. Obviously, we cannot exclude
that this pattern appears in COVID patients, but until now we have not observed this pattern in
our patients.
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From a methodological point of view, it is quite obvious that the groups do not exactly overlap.
Patients from the ENC group were older than those in the COVID and CRA groups. Infectious toxic
encephalopathy is not an age-related entity; therefore, it does not seem probable that the difference with
COVID patients would be due to this factor. The other group, including patients after severe hypoxia
(CRA), was also different, mainly in clinical impairment. We analyzed these patients, because one
possible pathophysiological mechanism of nervous injury would be hypoxia [24]. Significantly, the EEG
pattern of COVID patients was between those of the ENC and CRA groups. Therefore, it can be
speculated that hypoxia may have some participation in this electroclinical entity. In fact, peaks of
low saturation were observed in all patients. However, the EEG structures of the CRA and COVID
groups were different enough to consider that other factors besides hypoxia must be responsible for the
bioelectrical pattern. Nevertheless, the different history of previous medical conditions can influence
the brain response. Nonetheless, the presence of previous chronic pathologies was lower for COVID
patients (12/20) than for ENC (22/31) or CRA groups (19/21).

Post-intensive care syndrome (PICS) is a complex clinical situation observed in patients discharged
from the ICU after a prolonged period of intubation under sedo-analgesia and includes mobility problems
of neuromuscular origin, altered cognition, and the development of psychotic manifestations [25]. Risk
factors for this syndrome include female sex, older age, previous mental health problems, disease
severity, and delirium [26]. To the authors” knowledge, no reports of encephalopathy in the context of
this syndrome have been described. Therefore, although we cannot firmly exclude this possibility as a
cause of COVID encephalopathy, neither can we consider it as the first option.

For most of the COVID patients, the raw EEGs show a nearly physiological pattern. However,
the mean spectra show the existence of a significant encephalopathic pattern with an excess of generalized
delta activity and lower alpha and beta values. Other specific anomalies were also observed. First, SSE,
a measure to characterize spectral complexity [27], was higher than in the ENC and CRA groups. We
can conclude that the distribution of bands into spectra was more complex for COVID patients” EEGs,
with higher relative amounts of faster bands (« and {3). Second, the synchronization was different for
COVID patients” EEGs, showing lower hemispheric values for all three groups. Although it is not proved,
we can hypothesize that low hemispheric synchronization may be causally related to the clinical state
of confusion observed in all patients, especially those with great discrepancies between nearly normal
EEG tracings and cognitive/behavioral alteration. The method used to assess synchronization (p) has
shortcomings deriving from volume conduction [28]. To minimize this problem, we used differential
montage, instead of referential [29]. Besides, although absolute numerical values for connectivity could
be different, it can be expected that the same problems persist in the three groups analyzed (e.g., volume
conduction, change in coupling), therefore the relative synchronization between them would remain
the same. However, the use of metrics more adequate to measure functional connectivity, such as
coherence, mutual information, phase synchronization, or Granger’s causality [28-31], would permit us
to definitively solve this aspect.

It has been described that some patients with COVID-19 have symptoms similar to epilepsy [3]
or sharp waves on the EEG [4]. However, in our series the presence of irritative activity was scarce.
Probably the differential diagnosis search for confusion and cognitive complaints biased the diagnosis
of epilepsy. Nonetheless, in the eight patients who showed a stuporous state, non-convulsive status
epilepticus was suspected and finally discarded.

Although the features described for the three groups, including COVID, our main target, are
robust enough to show statistically significant differences, obviously we need to increase the number
of patients to attain a sharper and more exact definition of this entity. We cannot exclude that COVID
patients express other EEG patterns and obviously a greater population will define better all the clinical
spectrum of COVID encephalopathy. Additionally, we need to check whether COVID patients not
admitted to the ICU but with cognitive complaints share the same EEG pattern.
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5. Conclusions

Some severely affected COVID patients develop an encephalopathy with specific EEG features,
with spectral and connectivity alterations, and raw tracings appear nearly physiological.

6. Patents

The numerical method used in this work is being evaluated for patent: Multivariate analysis
method in EEG. Application number: P201930036. Application date: 01/21/2019. Pastor, J; Vega-Zelaya, L.
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Appendix A

Clinical features of the groups of patients.

Table Al. Patients with infectious toxic encephalopathy (ENC).

Patient Sex Age (Years) Medical History Level of Awareness EEG Findings
1 F 84 Stuporous II
2 F 90 CD, HBP, DM, CLD Stuporous II
3 F 84 HBP, DM Stuporous 111
4 F 72 HBP, CLD Comatose 111
5 F 79 HBP Confused I
6 F 78 HBP Fully alert 11
7 F 83 CD Confused II
8 M 71 CD, HBP Confused 111
9 F 84 CD Confused 111
10 M 42 ACLD Comatose III
11 F 88 CD, HBP, DM, CKD Confused 1
12 M 53 Fully alert I
13 M 80 CD, HBP Fully alert I
14 F 93 CD, HBP, CKD Confused 111
15 F 86 Fully alert I

16 M 82 CD, DM, CKD Fully alert I
17 M 81 CD, HBP, DM, CKD Fully alert 1
18 M 82 CD, HBP, DM, CLD, I Confused I
19 F 92 CD, HBP Stuporous 111
20 M 76 CD, HBP, DM, CKD, CLD Comatose I
21 M 18 Stuporous III
22 F 56 Stuporous 111
23 M 83 CKD Stuporous I
24 M 83 HBP, DM Confused |

25 F 91 HBP Stuporous 11T
26 F 52 Comatose v
27 M 65 Fully alert I

28 M 68 ACLD Confused II
29 M 77 CD, HBP, DM, CLD Confused m
30 M 56 CD, HBP, ACLD, CLD Confused I
31 M 70 Confused II

ACLD, advanced chronic liver disease; CD, cardiovascular disease; CKD, chronic kidney disease; CLD, chronic lung
disease; DM, diabetes mellitus; F, female; HBP, high blood pressure; I, immunosuppression; M, male. I-VI: grades
of encephalopathy.
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Table A2. Patients with SARS-CoV-2 (COVID).

10 0of 13

% +
Patient Sex  Age (Years) Medical History A];:;‘iln(;fss S;](E)I\Z/[: /{\/}i(rll\:;?.:; Firllscllsicr;lgs

1 M 69 CD, HBP Confused 92.3+0.9 80 II, PLD
2 M 64 Confused 98.8 + 0.4 91 I

3 M 36 CD, HBP, DM Confused 972+05 90 I

4 M 60 CD, HBP, DM, CLD  Stuporous 97.4+05 89 I

5 M 61 Stuporous 951+0.7 82 III

6 M 46 Confused 96.7 + 0.5 83 III, SW
7 M 76 HBP Confused 97.0 £ 0.7 80 I

8 F 74 CD, HBP Fully alert 98.8 £ 0.6 88 I

9 M 60 CD, HBP, CLD Stuporous 97.7 £ 0.4 88 I
10 M 55 Confused 95.6 + 0.2 86 I, SW
11 M 61 Confused 912+13 89 I
12 M 97 CD, HBP, CKD Confused 95.0+12 85 III, SW
13 M 63 ACLD Confused 95.2 + 0.6 91 II
14 M 61 CD, HBP, DM Fully alert 96.2 £ 0.8 85 I

15 M 60 Stuporous 89.6 +1.2 81 I
16 F 71 Stuporous 912+11 78 111
17 M 70 DM Stuporous 915+ 1.0 82 1
18 M 60 CD, HBP Confused 94.6+1.6 91 I
19 M 62 HBP Stuporous 91.6 +2.2 89 I
20 F 72 Stuporous 93.6 +1.8 91 111

CD, cardiovascular disease; CLD, chronic lung disease; DM, diabetes mellitus; F, female; HBP, high blood pressure;
M, male; PLD, periodic lateralized discharge; SW, sharp waves. I-VI: grades of encephalopathy.

Table A3. Patients with encephalopathy after cardiorespiratory arrest (CRA).

Patient Sex Age (Years) Medical History Level of Awareness EEG Findings
1 M 63 CD, DM Comatose 1A
2 M 60 CD, HBP Stuporous v
3 M 56 Comatose III
4 M 68 CD, HBP, CLD Comatose 111
5 M 59 CD Comatose v
6 M 87 CD, HBP, DM Confused 111
7 M 76 CD, HBP, CKD Comatose v
8 M 85 CD, HBP Comatose 111
9 M 65 DM Comatose v
10 F 63 CD, HBP, CLD Confused II
11 M 48 CD Comatose v
12 M 49 CD, HBP, DM Comatose 111
13 M 58 CD, DM, ACLD Comatose 111
14 M 59 CD, HBP, DM, CLD Comatose v
15 M 59 Comatose v
16 M 66 CD Comatose v
17 M 71 CD, HBP, DM, CKD Comatose v
18 M 59 CD Confused II
19 M 48 CD, HBP, CKD Comatose v
20 M 45 DM, ACLD Comatose v
21 M 75 CD, HBP, DM, CKD Comatose v

ACLD, advanced chronic liver disease; CD, cardiovascular disease; CKD, chronic kidney disease; CLD, chronic lung
disease; DM, diabetes mellitus; F, female; HBP, high blood pressure; M, male. I-VI: grades of encephalopathy.
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Figure A1l. Comparison of mean power spectrum for channels between a COVID patient (#8) and
the mean spectra pooled from 30 healthy volunteers, normalized to the maximum amplitude of delta
band at central regions. Red and blue lines indicate right and left hemispheres for the COVID patient
respectively and black lines represent the volunteers group. Y-axis units in wV2/Hz. Pay attention to

the great difference for alfa/beta bands.

Appendix B
Algorithm used for qEEG

110f13

1. EEG channels were digitally filtered by a sixth-order Butterworth digital filter between 0.5 and

30 Hz.

2. Differential EEG montage was reconstructed. Topographic placement of channels was defined
on the scalp as the midpoint between the electrode pairs defining the channel, e.g., the Fp;-F3

channel would be placed at the midpoint of the geodesic between Fp; and F3 electrodes.

3.  Allrecording was divided into 1 s moving windows with 10% overlap. This allowed us to use
a precise frequency of 0.5 Hz. For each window (1) and frequency (k), we computed the fast
Fourier transform (FFT) of the voltage (V™ (n)) obtained from every channel (m) to obtain the

power spectrum (S, , in 1V2/Hz). We used this expression:
N-1 Y
Sk = Z V™ (n)e N = Fpy, Fs,...
n=0
We also computed Shannon’s spectral entropy (SSE) according to:

mo__
Sek—
k

pilog, pk

F
=0

(Al)

(A2)
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where F is the maximum frequency computed and py is the probability density of S, obtained
from the expression:
S
n,

= 1 (A3)
F
Lo S, Ak

Pk

4. We computed the area under the ST, according to the classical segmentation of EEG bands. We

used this expression:
sup

Ajk) =Y Sm(k)Akj=0, 0,0, (Ad)
k=inf

The expression sup refers to the upper limit of every EEG band.
5. The absolute value of Pearson’s correlation coefficient (p) was computed for every pair of channels
(i,j) according to this expression:

Nwin ow ¥ Nwin ow ¥
X pemdon (¢ (k) = %;) X pivioe (x; (k) - %)

. _ . —_\2
\/Zilgtlndnw(xi (k) _ xi)z Zginlndow (x] (k) _ x])

(A5)

k _
pij =

where Nyindow is the number of points included in a window (usually 128) and X;, x; represents
the mean of both channels.
6.  The mean value of all windows was computed, obtaining the mean correlation matrix.

Areas of the same band were grouped by cerebral lobe. In the case of the left hemisphere
(FP1—F3)+(F3;C3)+(FP1—F7)

}, parieto-occipital PO =

, and temporal T = {(Fpl_F7)+(P7_T3)Z(T3_T5)+(T5_Ol) } Channels from the

(shown as an example), we grouped frontal F = {

(cs—P3)+(P3—301 )+(T5=04) }

right hemisphere were grouped accordingly. These areas, for both bands (j) and lobes (r), A;(t) ;=
F, PO, T, were plotted as time functions and compared between hemispheres. The same groups were
used to compute SSE.

References

Sun, T.; Guan, ]. Novel coronavirus and central nervous system. Eur. J. Neurol. 2020, 26. [CrossRef] [PubMed]
Moriguchi, T.; Harii, N.; Goto, J.; Harada, D.; Sugawara, H.; Takamino, J.; Ueno, M.; Sakata, H.; Kondo, K;
Myose, N.; et al. A first Case of Meningitis/Encephalitis associated with SARS-Coronavirus-2. Int. |. Infect
Dis. 2020, 3. [CrossRef] [PubMed]

3. Wu,Y,; Xu, X;; Chen, Z.; Duan, J.; Hashimoto, K.; Yang, L.; Liu, C.; Yang, C. Nervous system involvement
after infection with COVID-19 and other coronaviruses. Brain Behav. Immun. 2020, 30. [CrossRef] [PubMed]

4. Filatov, A.; Sharma, P; Hindl, F.; Espinosa, P.S. Neurological complications of coronavirus (COVID-19):
Encephalopathy. Cureus 2020, 12, €7352. [CrossRef]

5. Poyiadji, N.; Shahin, G.; Noujaim, D.; Stone, M.; Patel, S.; Griffith, B. COVID-19-associated Acute Hemorrhagic
Necrotizing Encephalopathy: CT and MRI Features. Radiology 2020, 31. [CrossRef]

6. Vaira, L.A; Salzano, G.; Deiana, G.; De Riu, G. Anosmia and ageusia: Common findings in COVID-19
patients. Laryngoscope 2020, 1. [CrossRef]

7. Mehta, P; McAuley, D.F; Brown, M.; Sanchez, E.; Tattersall, R.S.; Manson, J.J. COVID-19: Consider cytokine
storm syndromes and immunosuppression. Lancet 2020, 395, 1033-1034. [CrossRef]

8. Chen, C.; Zhang, X.R.; Ju, Z.Y.; He, WE. Advances in the research of cytokine storm mechanism induced by
Corona Virus Disease 2019 and the corresponding immunotherapies. Zhonghua Shao Shang Za Zhi 2020, 1.
[CrossRef]

9. Li Y, Fu, L,; Gonzales, D.M.; Lavi, E. Coronavirus neurovirulence correlates with the ability of the virus
to induce proinflammatory cytokine signals from astrocytes and microglia. J. Virol. 2004, 78, 3398-3406.
[CrossRef]


http://dx.doi.org/10.1111/ene.14227
http://www.ncbi.nlm.nih.gov/pubmed/32216009
http://dx.doi.org/10.1016/j.ijid.2020.03.062
http://www.ncbi.nlm.nih.gov/pubmed/32251791
http://dx.doi.org/10.1016/j.bbi.2020.03.031
http://www.ncbi.nlm.nih.gov/pubmed/32240762
http://dx.doi.org/10.7759/cureus.7352
http://dx.doi.org/10.1148/radiol.2020201187
http://dx.doi.org/10.1002/lary.28692
http://dx.doi.org/10.1016/S0140-6736(20)30628-0
http://dx.doi.org/10.3760/cma.j.cn501120-20200224-00088
http://dx.doi.org/10.1128/JVI.78.7.3398-3406.2004

J. Clin. Med. 2020, 9, 1545 13 0f 13

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

Kaplan, PW.; Rossetti, A.O. EEG patterns and imaging correlations in encephalopathy: Encephalopathy part
II. J. Clin. Neurophysiol. 2011, 28, 233-251. [CrossRef]

Mizuguchi, M.; Yamanouchi, H.; Ichiyama, T.; Shiomi, M. Acute encephalopathy associated with influenza
and other viral infections. Acta Neurol. Scand. Suppl. 2007, 186, 45-56. [CrossRef] [PubMed]

Kim, Y.; Kim, J.W. Toxic encephalopathy. Saf. Health Work 2012, 4, 243-256. [CrossRef] [PubMed]

Young, G.B. Encephalopathy of infection and systemic inflammation. J. Clin. Neurophysiol. 2013, 30, 454-461.
[CrossRef] [PubMed]

Tauber, S5.C.; Eiffert, H.; Bruck, W.; Nau, R. Septic encephalopathy and septic encephalitis. Expert Rev. Anti.
Infect Ther. 2017, 15, 121-132. [CrossRef]

Pang, T.; Selvitelli, M.; Schomer, D.L.; Niedermeyer, E. Metabolic Disorders and EEG. In Niedermeyer’s
Electroencephalography: Basic Principles, Clinical Applications, and Related Fields, 6th ed.; Schomer, D.L., Lopes
da Silva, F,, Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2011; pp. 395-410.

Vega-Zelaya, L.; Garnés-Camarena, O.; Sanz-Garcia, A.; Ortega, G.J.; Pastor, J. Mathematical foundations of
quantified electroencephalography. In Clinical Advances in Neurophysiology; Avid Science: Telangana, India, 2016.
Vega-Zelaya, L.; Martin Abad, E.; Pastor, J. Quantified EEG for the characterization of epileptic seizures
versus periodic activity in critically ill patients. Brain Sci. 2020, 10, 158. [CrossRef] [PubMed]

John, E.R.;; Ahn, H.; Prichep, L.S.; Trepetin, M.; Brown, D.; Kaye, H. Developmental equations for the
electroencephalogram. Science 1980, 210, 1255-1258. [CrossRef]

John, E.R.; Prichep, L.S.; Easton, P. Normative Data Banks and Neurometrics: Basic Concepts, Methods and
Results of Norm Construction. In Handbook of Electroencephalography and Clinical Neurophysiology; Gevins, A.S.,
Remond, A., Eds.; Elsevier: Amsterdam, The Netherlands, 1987; pp. 449-495.

Hirsch, L.J.; LaRoche, S.M.; Gaspard, N.; Gerard, E.; Svoronos, A.; Herman, S.T.; Mani, R; Arif, H.; Jette, N.;
Minazad, Y.; etal. American Clinical Neurophysiology Society’s Standardized Critical Care EEG Terminology.
J. Clin. Neurophysiol. 2013, 30, 1-27. [CrossRef]

Hirsch, L.J.; Brenner, R.P. Atlas of EEG in Critical Care; Willey-Blackwell: Oxford, UK, 2010.

Iriarte, J.; Martin, B.; Urrestarazu, E. Electroencefalografia en Patologias no Epilépticas. In Manual de
Neurofisiologia Clinica; Franco, J.I., Artieada, J., Eds.; Panamericana: Madrid, Espana, 2013; pp. 61-70. ISBN
978-84-9835-4398-6.

Mao, L.; Wang, M.D.; Chen, S.H.; He, Q.W.; Chang, J.; Hong, C.D.; Zhou, Y.; Wang, D.; Li, Y.; Jin, H.; et al.
Neurological manifestations of hospitalized patients with COVID-19 in Wuhan, China: A retrospective case
series study. MedRxiv 2020. [CrossRef]

Abdennour, L.; Zeghal, C.; Deme, M.; Puybasset, L. Interaction brain-lungs. Ann. Fr. Anesth. Reanim. 2012,
31, 101-107. [CrossRef]

Bryant, S.E.; McNabb, K. Postintensive Care Syndrome. Crit. Care Nurs. Clin. North Am. 2019, 31, 507-516.
[CrossRef] [PubMed]

Lee, M.; Kang, J.; Jeong, Y.J. Risk factors for post—intensive care syndrome: A systematic review and
meta-analysis. Aust. Crit. Care 2019, 12. [CrossRef] [PubMed]

Vega-Zelaya, L.; Pastor, J.; Tormo, L; Sola, R.G.; Ortega, G.J. Assessing the equivalence between etomidate
and seizure network dynamics in temporal lobe epilepsy. Clin. Neurophysiol. 2015, 127, 169-178. [CrossRef]
[PubMed]

Nolte, G.; Bai, O.; Wheaton, L.; Mari, Z.; Vorbach, S.; Hallet, M. Indentifyng true brain interaction from EEG
data using the imaginary part of coherency. Clin. Neurophysiol. 2004, 115, 2294-2307. [CrossRef] [PubMed]
Bastos, A.M.; Schoffelen, ].M. A Tutorial Review of Functional Connectivity Analysis Methods and Their
Interpretational Pitfalls. Front Syst. Neurosci. 2016, 9, 175. [CrossRef] [PubMed]

Van Drongelen, W. Signal Processing for Neuroscientists; Elsevier: Amsterdam, The Netherlands, 2007.
Sanz-Garcia, A.; Pérez-Romero, M.; Pastor, J.; Sola, R.G.; Vega-Zelaya, L.; Monasterio, F.; Torrecilla, C.;
Vega, G.; Pulido, P; Ortega, G. Identifying causal relationships between EEG activity and intracranial
pressure changes in neurocritical care patients. . Neural. Eng. 2018, 15. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1097/WNP.0b013e31821c33a0
http://dx.doi.org/10.1111/j.1600-0404.2007.00809.x
http://www.ncbi.nlm.nih.gov/pubmed/17784537
http://dx.doi.org/10.5491/SHAW.2012.3.4.243
http://www.ncbi.nlm.nih.gov/pubmed/23251840
http://dx.doi.org/10.1097/WNP.0b013e3182a73d83
http://www.ncbi.nlm.nih.gov/pubmed/24084178
http://dx.doi.org/10.1080/14787210.2017.1265448
http://dx.doi.org/10.3390/brainsci10030158
http://www.ncbi.nlm.nih.gov/pubmed/32164273
http://dx.doi.org/10.1126/science.7434026
http://dx.doi.org/10.1097/WNP.0b013e3182784729
http://dx.doi.org/10.2139/ssrn.3544840
http://dx.doi.org/10.1016/j.annfar.2012.04.013
http://dx.doi.org/10.1016/j.cnc.2019.07.006
http://www.ncbi.nlm.nih.gov/pubmed/31685117
http://dx.doi.org/10.1016/j.aucc.2019.10.004
http://www.ncbi.nlm.nih.gov/pubmed/31839375
http://dx.doi.org/10.1016/j.clinph.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26070516
http://dx.doi.org/10.1016/j.clinph.2004.04.029
http://www.ncbi.nlm.nih.gov/pubmed/15351371
http://dx.doi.org/10.3389/fnsys.2015.00175
http://www.ncbi.nlm.nih.gov/pubmed/26778976
http://dx.doi.org/10.1088/1741-2552/aadeea
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Patients and Definitions 
	Electroencephalogram (EEG) Recording 
	Quantification of EEG 
	Statistics 

	Results 
	Patients 
	Visual Properties of EEG 
	Topographic Distribution of EEG Bands 
	Synchronization and Spectral Entropy of EEG 

	Discussion 
	Conclusions 
	Patents 
	
	
	References

